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SOMKAEr 

An experlnental Investigation vas conducted to Identify the 
roles of solid-surface films In the various mechanisms of sliding 
and lubrication Involved In the mating and eonpatlblllty of 
boundary -lubricated slider sviifeuses, In the action of extreme- 
pressure lubricants, and In the operation of slider surfaces not 
supplied with fluid lubricants. 

The experiments vere performed vlth an apparatus Incorporating 
means for measuring sliding friction that consisted basically of an 
elastically restrained spherical rider sliding In a spiral path on 
a rotating disk. The disk specimens vere treated to produce solid- 
surface films of various Inorganic compounds. The experiments vere 
conducted over a range of sliding velocities betveen 50 and 
8000 feet per minute vlth loads frcm 169 to 1543 grans (108,000 to 
225,000 Ib/sq In., Initial Hertz surface stress). Supplosental 
studies of friction specimens vere made using standard physical, 
chemical, and metallurgical equlpuent and techniques liujludlng 
electron diffraction. 

Molybdenum disulfide MoSg vas very effective In reducing 

friction at hlgii sliding velocities. This film material vas very 
tenacious, vas cheailcally and thermally stable, and consequently 
should have many practical applications. 

It vas determined that the formation of ferroso-f erric 
oxide a - Fo 304 on run-in sliding surfaces vas beneficial vlth 
respect to friction and vear. Freoperatlonal treatment of slider 
surfaces to form a - Fe^O^ may be accosqtllshed by a number of 

Inexpensive and oonmon proprietary commercial processes. Ferric 
oxide a - Fe 20 j, hovever, vas not beneficial vlth respect to 

friction and vear over the entire range of sliding velocities. 

Ferrous chloride FeCl 2 vas more effective In reducing 
kinetic friction than ferrous sulfide FeS. This result vould 
seem to indicate that chlorine compounds vere more effective as 
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extreme -pressure lubricant addltlYes than vere suITur compounds. 
Abrupt changes In friction, with Increased sliding velocities. 
Indicated critical material transformations of ferrous -chloride 
films, condition favored the theory of the action of extreme - 

pressure lubricants, vhloh state that the film material, fonaed by 
reaction of the lubricant additive vlth a surface, melts under 
extremely hl^ temperatures or pressures and In that case the 
friction force vlll involve only shearing of a liquid film. 


INTROIlDCriON 

Considerable evidence is available in literature (references 1 
to 8) uhlch Indicates that solid surface films are Important In the 
mating and compatibility of boundary-lubricated slider surfaces. In 
the aotl(m of "extreme -pressure” lubricants, and In the operation 
of slider surfaces that are not supplied with fluid lubricants. 

One of the least understood and most Important f eu^tors In the opera- 
tion of slider surfaces Is the mechanism of the Initial mutual 
accommodation (run-in). The effectiveness of, and the necessity 
for, careful initial operation of sliders have been adequately 
demonstrated In innumerable Instances. Little explanation of the 
mechanisms Involved has been offered, however, or Improvement In 
them su gg ested. Certain physicochemical surface conditions have 
been associated with satisfactory and with \msatlsfaotory operation 
of metallic sliding surfaces (reference l). Among those factors 
productive of satisfactory surface conditions is the formation and 
presence of specific solid surface films. An experimented, deter- 
mination of the effect of these films on kinetic friction would be 
of ved.ue In explaining the phenomena of mating of slider surfaces. 

The most common wnd practical utilization of solid films on 
slider surfeuses is embodied In extreme -pressure lubrication, wherein 
ohemlced. films of low shear strength or of low melting point are 
formed by the action of lubricant additives on the slider surfaces 
under conditions of extreme temperature and pressinre. Beference 2 
presents a theory for the mechanism of extreme -pressure lubrication. 
Slldlng-frlctlon experiments with surface conditions closely con- 
trolled to simulate those theoretically present under operating 
conditions of extreme -pressure lubrication may aid in the clarifica- 
tion of the mechanics of such lubrication. 

Operation of aircraft -turbine bearings at temperatures higher 
than those currently used may be of advantage, but available lubri- 
cants are deficient with respect to hl^-temperature operation. 
Because solid surface films that are chemlcedLly and thezmally stable 
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majr be selected, tliej mcgr be effectlye In providing supplemental 
lubrication to compensate for the deficiencies of fluid lubricants 
at hl^ temperatures. 

Hu^es and Whlttlngham (reference 3), Campbell (reference 4), 
Bovden and Tabor (reference 5), Roeosch (reference 6), and man 7 
others have presented material relative to the use of surf Me films 
In reducing sliding friction. The Impoxtanoe of such films In 
boundarx and In extreme -pres sure lubrication Is vldelj' recognized 
and Is discussed In references 7 and 8. The roles of these solid 
surface films In kinetic friction have not been Isolated and stud- 
ied under conditions of surface loading and at sliding velocities 
prevalent in current and proposed designs for sliding surfaces In 
aircraft power plants. 

An Investigation vas conducted at the BACA Cleveland laboratory 
to obtain evidence on the effects of solid surface films on sliding 
friction at hlg^ sliding velocities and to clarify the roles of suoh 
films In the mating of sliding surfaces, in extreme-pressure lubri- 
cation, and In supplementary or dry lubrication. 

The coefficient of kinetic friction and the vear characteris- 
tics of steel specimens so treated eus to have solid chemical films 
that are predominantly of the materials desired were detexmlned by 
experiments. This Investl^tlon vas made with loads from 169 to 
1543 grams (108,000 to 225,000 Ib/sq In., Initial Hertz siufetce 
stress) at sliding velocities up to approximately 8000 feet per min- 
ute. These films were of the same composition as those generally 
employed for use as supplemental lubricants In practical applica- 
tions of sliders or films of high chemical and thezmal stability 
and desirable struct\ireQ. properties. The Investigation Included 
physicochemical studies of specimens before and after slider opera- 
tion as a means of determining the mechanism leeidlng to the observed 
effects and of assuring positive control of surface conditions. 
Friction measurements were made by means of an apparatus that con- 
sists basically of an elastically restrained spherical rider sliding 
on a rotating disk. This research Is a continuation of that 
reported In reference 9. 


APFAR4T0S AND FBOCKDOBX 

The experimental friction and vear studies were conducted with 
the equipment described In reference 9. Figure 1 Is a diagrammatic 
sketch of the basic parts of the equipment. The prlnolpeU. elements 
of the apparatus are the specimens, idilch are In the fom of an 
elastically restrained spherical rider and a rotating disk. The 
rider Is loaded by veldts applied along the vertlcetl axis of the 
rider holder. Friction force between the rider and the disk Is 
measured by four strain gages mounted on a copper-beryllium dyna- 
mometer ring. The force Is indicated by either a recording- or an 
observation-type calibrated potentiometer converted to use as a 
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friction Indicator. The coefficient of friction is computed by 
dlTldlng the measured friction force by the applied normal load. 

An electrically driven radial -feed mechanism, calibrated to Indi- 
cate radial position of the rider, causes the rider to traverse a 
spiral track on the rotating disk. The disk is mounted on an 
Inertia ring that is supported and located by a bearing housing. 

The rotating specimen Is driven by a direct -current motor throu^ 
a flexible coupling and a speed-reduction unit that allows speed 
control over a range of sliding velocities between 50 and 14,000 feet 
per minute. The disk and rider are covered by a housing and shield, 
which permits the operating atmosphere of dried air to be slightly 
pressurized. The system for drying the air for the operating 
atmos]^ere consists. In sequence, of a 48-lnch filter tube contain- 
ing surgical cotton, a series of six slllca-gel commercial drying 
elements, and an 8-lnch tube containing aluminum anhydride. The 
air Is obtedned from the laboratory compressed-air system. In con- 
ducting the experiments, the disk Is rotated at a predeteimlned 
speed and, by means of a cam arrangement, the loaded rider is lowered 
onto the disk as the radial feed Is started. As the rider traverses 
the disk, friction force is observed or reooirded with a potentiom- 
eter An<i disk rotative speed is determined with an electric revolu- 
tion counter and a synchronized timer. The run Is temnlnated by 
lifting the rider from the disk surface. Mean sliding velocity for 
the experiment was computed from the recorded rotative disk speed 
nn<^ the mean diameter of the rider path. A change In diameter of 
the rider path on the disk resulting from the radial travel of the 
rider caused a deviation in sliding velocity of api*roxl- 

mately 1 percent firom the mean value. An unworn surface of a ball 
was used In each experiment. Separate runs wore made to deteimlne 
friction, wear, and effect of continuous slid in g. 

As reported in reference 9, uncontrolled variables, such as 
wear of the rider, natural frequency of the restraining assembly, 
and vibrations induced by the driving mechanism, had no appreciable 
effect on accuracy of the data. The results obtained are believed 
to represent reproducible, relative data. 

The physical and physicochemical conditions of the surfewse and 
subsurf€MJO material of the research speclmmis were studied before 
the slldlng-frlctlon experiments by means of surface-rou^^ess and 
qiirf y .A- hoT’flnA tiH measurements and electron-diffraction and metal- 
lographlc studies. The surfaces were studied after the experiments 
by using electron -diffraction and metallograiiilc techniques. Dur- 
ing the experiments, no measurable change In surface hardness 
occurred. Because of the nature of the surface disturbance by 
sliding, roug^ess measurements were Insignificant. 
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The limits of experlmsatal error In the friction values pre- 
sented vere not constant in all the experiments hecause of uncon- 
trollable Inconsisteaeles In the film characteristics . In all hut 
isolated cases, the margin of error in the coefficient of friction 
iras vlthln ±0.02 of the values given and in general vas consider- 
ably less. The data presented are complete data from a representa- 
tive experiment for each type of film, selected on the basis of a 
mass of data (at least four experiments) on each variable. For 
comparison purposes, a load of 269 grams is used for all the sum- 
mary curves reported because this load produces an initial surface 
stress (126,000 Ib/sg. in.. Hertz) that is in the range of maximum 
limiting values used in design of cosQKXients such as reduction 
gearing. 


SEBCIMEN HOEPABATION 

Careful preparation of specimens has been found to be the most 
Important single irequlsite for success of the experiments. The 
disk specimens had a 13 -inch outside diameter, vere of nozmallzed 
SA2 1020 steel vlth a Brlnell hardness number of 185, and vere 
finished and cleaned according to the detailed procedure given in 
reference 9. The disk surfaces vere so finished as to minimize 
surface vorklng and to give a unlfozm nondlrectlonal surface finish 
vlth a rou£^ess of 3 to 6 mlcrolnohes raa as measured vlth a 
profllonietar. The rider specimens used vere cosimerclally made 
balls, T Inch in diameter, of SAE 1095 steel hardened to Hockvell 

number C-60; they vere not subjected to laboratory finishing opera- 
tions before use but vere cleaned and rinsed in 190-proof ethyl 
alcohol before the runs. 

In this investigation, solid surface films of ferric 
oxide Fe203, ferroso-ferrlc oxide Fe304, ferrous chlo- 
ride FeCl2; ferrous sulfide FeS, molybdenum disulfide M0S2, 

and graphitic carbon C vere deposited on the disk specimens 
according to the procedures described in the appendix. (Vhere- 
ever Fe304 is mentioned herein, the possibility that it could 

also be 7 - Fe203 should be considered, because the tvo are 

indistinguishable by ustial diffraction methods. Other%rlse all 
compounds are of the alpha form.) The surface films vere pre- 
doadnantly of the compositions indicated, as determined by anal- 
yses of the electron-diffraction patterns shown in figure 2. 
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BESUI/rS AND DISCUSSION 
Films Formed during Bun-Ih 

The mechanism of the initial mutual aocommodatlon of mating 
slider surfaces is onl7 sll^pitly understood but is of considerable 
Importance. It is generally accepted that irlth extended periods of 
lov-pover operation during the Initial operation of an engine the 
slider surfaces give better perfoxmance and much more satlsf actoxy 
serrlce life than If such precautions vere not tahien. Electron- 
diffraction and I-ray diffraction studies (reference l) have asso- 
ciated the occurrence of specific surface conditions vlth desirable 
or vlth undesirable rumilng proxtertles of sliders operating vlth 
x*eolprocating motion under changing or steady loads. One of the 
principal variables observed on run-in surfaces vas the presence 
of isolated and mixed oxides of Iron. By comparing the predomi- 
nant oxide present vlth the appearance of the run surface. It vas 
■hbn iigb- fa that the presence of ferrous oxide FeO and f erroso- 
ferrlc oxide Fe304 vas beneficial to slider surfaces and that 

the presence of ferric oxide Fe203 vas not beneficial. On 
scuffed surfaces, Fe203 vas observed and on veil run-in surfaces 
Fe30^ vas observed. 

Results Indicating that FeO Is effective in reducing fric- 
tion betveen sliding surfaces are presented In reference 9 . Dif- 
ficulties In producing a solid film of ferrous oxide on the large 
dish specimens prevented a complete evaluation of Its effectiveness 
In reducing friction In the Investigation reported. 

The experimental results obtained In detexmlnlng the effect 
of velocity on friction for Fe304 and Fe203 are shovn In 
figure 3 . The general trend of friction Is to decrease vlth veloc- 
ity for all loads. The coefficient of friction is dependent on 
load In the presence of this applied film of F03O4 and similar 
trends of friction vlth Increased sliding velocities can be estab- 
lished for ecbch of the loads Investigated (fig. 3 (b)). When a 
solid film of F02O3 la present on the disk surface, the coeffi- 
cient of friction Is essentially Independent of load, as shovn in 
figure 3 (c). The general friction trend shovs a decrease vlth an 
Increase In velocity. Undetermined physical or chemical character- 
istics of the film materieQ. may be the cause of the friction-load 
relations. Reference 9 shovs the coefficient of friction of dry 
clean steel to be independent of load. 


MCA. TN No. 1578 


7 


As compared to the dry-steel friction curre from reference 9, 
Fe^O^ Is very effectlTe In reducing friction (fig. 3(d)). On the 
other hand, ^^ 2^3 beneficial >dien compared to the dry 

steel friction curre at the lov raisges and the hl^ ranges of reloc 
Ity but does shov lover friction values In the velocity range fx\3m 
approximately 1000 to 3600 feet per minute. The differences In the 
coefficient of friction are, hovever, nearly vlthln the limits of 
experimental error (^.02) at this level of friction values. In 
all cases, as figure 3(d) shovs, the friction of a surface coated 
vlth Fe 304 Is appreciably less than that of a surface coated vlth 

FegOj. 


Comparison of the vear data and of the vear-area photomicro- 
graphs presented In figure 4 vlth the data of reference 9, vhlch 
reported the vear spot formed during operation of dry steel on 
steel to be 0.038 Inch In diameter, shovs that the presence of 
oxides has no great effect on vear. The presence of Fe^O^ on 

dish specimens caused approximately a 10 -percent reduction In the 
diameter of the rider veer areas, and the presence of 1 * 02 ^ 

caused a 5 -percent Increase. It should be noted that the relative 
effects of the tvo oxides on vear shov the same trend as that 
observed In the case of the fraction measurements (that is, the 

f beneficial and the Fe 203 film vas not beneficial) 

Comparison of the photomicrographs of the vear areas (fig. 4) 
Indicates that the degree of surface disturbance may be qualita- 
tively associated vlth the czysteG. size of the film material. The 
material vlth the smaller crystals (Fs 304 ) caused less vear and 

less severe surface disturbance (that is, fig. 4(a) Indicates much 
less veldlng and tearing of the rider than does fig. 4(c)). The 
oxide coating formed on surfaces during lubricated sliding reduces 
vear of sliders (reference 10 ); on the basis of the vork reported 
In reference 1 and herein. It Is believed that the oxide reported 
In reference 10 vas ferroso-ferric oxide. 

The trend of decreased friction vlth Increased sliding veloc- 
ities observed In most of the data reported herein Is considered 
due to the physical changes In the surfaces that vere discussed In 
reference 9. The presence of films on the surface vould probably 
not eliminate physical changes caused by changes In sliding veloc- 
ity. The results shovn In figures 3 and 4 generally verify the 
qualitative estimates of reference 1 on the Influence of 

and Fe 203 on friction and vear. 
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An explanation of the lov friction values obtained vlth the 
7 e^ 0 ^ film nay lie In Its tenacity to the base metal. An examina- 
tion of the electron -diffraction patterns from the tvo oxide films 
shoved that, as produced In this vork, the Fe^O^ film vas com- 
posed of smaller crystallites than vas the Fe203 film. The 
patterns also shoved that the Fe203 film vas more likely to be 
composed of oriented cxystals. Thus the Fe30^ film Is canposed 
of finer and more unlfonn crystals than the Fe203 film. This 
property of the F6304 film suggosts higher load-carrying capacity, 

idilch may be traced to the film tenacity. Small crystals growing 
on a steel surface adapt themselves to the irregularities of the 
steel more readily than larger ones and therefore make the film as 
a vhole more tenacious. The Fe304 film discourages plowing and 

ripping and thus heli>s to prevent metal -to -metal contact and to 
keep the friction values low. 

It should be observed also that Fe304 can oxidize to Fe2(^ 

when the passing rider raises the local temperature and pressure to 
extremes. This possibility of a chemical change is further support 
that Fe304 Is a better film for sliding than Is Fe£03, Inasmuch 

as the oxidation of Fe304 would produce no drastic film defoima- 
tlon, but irtien Fe203 Is subjected to extremes (of temperature 
partlctaarly) It thickens and xniptures as scale. 

It Is known (reference 11 ) that an oxide film of Iron occurring 
naturally Is composed of three "layers”: FeO next to base metal, 
Fe304 in the middle, and Fe203 on the surface. The layers are 

Indistinct, and because of the blending. It seems that the simple 
cubic structure of FeO Is more compatible with the spinel cubic 
structure of Fe304 than with hexagonal structure of F02O3. 

These facte Indicate that. In this work, the prepared Fe304 film 

adheres to and Is supported by an FeO layer; whereas the prepared 
Fe203 film probably adheres to a thin F03O4 layer, idilch in tiim 
adheres to Is supported by FeO. In the case of the Fe203 film, 
this oxide exists close to FeO, separated only by a thin Fe304 
layer. When critical sliding conditions are produced on the 
Fs 203 film. It therefore cannot support the rider because It Is 
not structurally compatible with Its base of FeO, and the rider 
plows or ripe throu^ to the bare metal with a resultant Inorease 
In friction. 
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The presence of an extremely thin film of Fe30^ on cleaned 

speolnens is discussed in reference 9 . Xt Is assumed that such a 
film vas present on the rider before all the experiments reported 
herein. When the factor of compatlhlllty Is considered, It is 
probable that tvo F03O4 f lime rubbing together vould have less 

resistance to sliding than vould z*esult from a film of ^0304 
sliding on a film of F02O3, The friction results presented In 
figure 3(d) support this view because the combinations of surface 
films dlscTissed were present. 

It Is also possible that the effect of F6203 on friction 
may be due solely to its physical characteristics, althou^ little 
Is known of its behavior xmder pressure. It is a hard, coarse- 
grained material that, when Introduced between sliding surfaces, 
may be embedded in one of the surfaces and function as a micro- 
scopic surface asperity thei*eby increasing the surface rou^^uiess. 

It will be recalled that a roxighness factor Is included In prac- 
tically all expressions of ftmdamental friction relations and that 
increased surface roughness causes Increased friction (reference 12 ). 

It would be difficult to employ solid coatings of FeO on 
steel in practical applications, because the formation of the com- 
pound Involves temperatures above the annealing points of many 
steels, and because of the difficulty in processing large parts. 
Bowden and Rldler (reference 13 ) showed that hot spots occur at 
surface asperities of contacting sliders, which with Increased 
loads ultimately reach the melting point of one of the materials. 

The localized tenrperatures reached are such that, with the proper 
surrounding atmosphere and Q^uenching conditions, quantities of 
stable FeO may be formed on the contacting surfaces; this con- 
dition Is described In reference 9 . 

Each of the oxides should be evaluated with respect to Its 
practical use on slider suzfaces. Because Fe2©3 Is very easily 
formed on steel surfaces and because this material Is deleterious 
with regard to friction and wear, conditions that ml^t cause 
formation of Fe203 should be avoided In the finishing, handling, 

and operation of sliders. Because of the hi^ temperatures required 
for the foimatlon of FeO, Its use as a friction- and vear- 
Inhlblting coating on sliders is impractical. For these reasons, 
Fe304 is the only Iron oxide studied that Is beneficial and has 
practical application. 

A number of commercial surface treatments employing caustic 
baths and several others types of chesilcal solution In the 
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f oxmatlon of corrosion-resistant and vear-resistant surface films 
haTS teen studied. Vhen films fonaed ty sereral ccamnercial treat- 
ments tearing various proprietary designations vere sutjected to 
electron-diffraction studies, it vas revealed that their principal 
constituent vas Fe^O^, as shovn in figures 2(c) and 2(d). In the 

approximate speed range tetveen 1200 and 5000 feet per minute, tvo 
of the ccanaerclal treatments (references 14 and 15) cause reduced 
friction, and the trend is rou^ly conparatle to that ohtalned vlth 
the film of Isolated Fe 304 (fig* 5) . Ccsq>aratlve vear data for 

these treatments are presented in figure 6 . Wear differences 
observed betveen the experimentally and commercially deposited 
1*6304 may be explained on the basis of additional compotoads in 

the films formed by the commercial treatments. 

In comparison vlth dry steel, the laboratory -prepared Fes 04 
films cause friction to be decreased at all sliding speeds inves- 
tigated and also cause a reduction in rider vear. Commercially 
prepared films containing Fe 304 vere also beneficial vlth regard 

to friction and vear except at high-sliding velocities. IHnrlng the 
operation of steel slider surfaces that have attained satisfactory 
mutual euscoBunodatlon, Fe 304 is formed (reference l) . These facts 

shov that Fe 304 is beneficial on slider surfaces and indicate 

that pretreatment of sliders may eliminate many surface failures 
during the initial operation of sliders. A number of inexpensive 
proprietary stiiface treatments are commercially available, vhlch 
vlll form films that are predominantly Fe 304 . 

Films Formed by Extreme -Pres sxire Lubricants 

Primary operationed requirements for lubricants used in air- 
craft power plants have necessitated the use of lubricant additives 
to obtain the necessary increased load capacity for lov-pour -point 
lubricants. Most of the extreme -pressure additives used to Increeuse 
load capacities of lubricants contain active chlorine or sulfur 
compounds. Beference 2 presents a chesilcal basis for consideration 
of the mechanisms of action of these additives. 

Quantitative information that enables evaluations of films of 
the type formed by compounded lubricants (reference 2 ) is presented 
in figures 7(a) and 7(b) in a manner tliat partly clarifies the 
mechanism of action of the additives. Figure 7 (a) shows the effect 
of load on the coefficient of friction for a disk specimen coated 
vlth ferrous chloride FeCl 2 . The lack of continuity of these 
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OUTYOS 'tbo noncoBipllaaco vl'bli Anoii'toii's law Indlcaite priniax7 
physical changes in the film material. Ferrous sulfide FeS foxms 
a more stable film than ferrous chloride. No trend In load affects 
on the coefficient of friction was observed with a film of ferrous 
sulfide on the disk specimen (fig. 7(b)). It Is shown In fig- 
ure 7(c) that. In general, isolated solid surface films of low- 
shear -strength compounds of types foxmed by chemically reactive 
extreme-pressure lubricant additives reduce sliding friction over 
the range of sliding velocities Investigated. These data demon- 
strate that ferrous chloride Is much more effective as a solid- 
film lubricant than Is ferrous sulfide. The ferrous -sulfide film 
caused friction to be greater at sliding velocities above 4600 feet 
per minute than that observed for dry, \mtreated steel (data from 
reference 9) . 

No dependable wear data were obtained with the ferrous- 
chloride films. The wear areas on the riders were poorly defined 
and their sizes were inconsistent. Because the dellQuescent nature 
of ferrous chloride promotes the formation of hydrochloric acid, 
the rider was corroded after removal from the friction apparatus; 
this etching of the surface obliterated the geometric definition 
of the wear areas. Figure 8 shows the surface appearance of the 
wear spot on the rider used in the ferrous -sulfide run. The sur- 
face of this specimen appears similar to that observed after 
experiments with Fs 304 films; there is no indication of severe 

surface welding although the ferrous sulfide does not seem to be 
beneficial In respect to wear. 

Two theories of the action of ferrous chloride as an extreme- 
pressure lubricant film are presented in reference 2, page 116; 
these theories are: "(1) under existing conditions at the contact 

points, solid ferrous chloride may readily shear; (2) temperatures 
at the contact points may become hl^ enough to melt the ferrous 
c torlde .... Overcoming friction force will then involve shearing 
c..ly a liquid film of ferrous chloride ...” 

It Is possible to Interpret the data of figure 7(a) as verifica- 
tion for the theories of extreme -pressure lubrication. The curve 
for ferrous chloride (fig. 7(a)) shows that at the low sliding 
velocities (up to 2000 ft /min) there Is a critical variation In 
fidotlon with slightly Increased sliding velocities, and that at 
h igh sliding velocities (5000 to 6000 ft/aln with a load of 
269 grams), there Is a sharp decrease In friction Indicated by a 
discontinuity in the data. These abrupt changes in friction values 
Indicate that critical transfomations In sliding conditions take 
place. The most logical transfomations would be those of phase 
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ohangos and melting of the ferrous -chloride film. The Tarlatlon In 
fraction In the sliding -relocltj range frca 1600 to 2000 feet per 
minute at a load of 269 grams Is attributed to some phase change In 
the ferrous chloride that affects Its shear strength and Is caused 
hj hl^er temperatures resulting from Increased sliding yelocltj. 
The sharp redoictlon In friction In the sUdlng-velocltj z«nge frca. 
5000 to 6000 feet per minute with the 269-gram load and the similar 
reduction at lover relocltles vlth heavier loads maj- Indicate the 
presence of a fluid film resulting from melting of the solid 
material. 

These results Indicate that both theories for the action of 
films foxned bj extreme -pressure additives may be substantiated 
under certain conditions of sliding. Ohder the conditions of shock 
or of extreme loading that necessitate the use of extroae -pressure 
lubricants, a liquid foim of the film material Is probabljr obtained. 


Supplemental or Dry -Lubrication Films 

At the extremely hl^ ambient temperatures and hlg^ loads 
encomtered In an Increasing number of practical lubrication prob- 
lems, currently used hydrocarbon lubricants are not completely 
effective. Use of supplementary or dry lubrication by solid-film 
materials Is one method of Improving lubrication tuider these con- 
ditions. Several chemically and thermally stable materials are 
available that ml^^t be effective In reducing friction and vear 
under extreme conditions. Tvo of the best examples of such film 
materials are molybdenum disulfide M 0 S 2 and graphitic carbon C. 
These materials are similar In that both have laminar structures. 
Molybdenum disulfide has been used as a die lubricant In the 
forging of metal parts (reference 16) and eus a bearing lubricant 
for a rotating anode Z-ray tube (reference 17). Graphite Is a 
more commonly used lubricant and has been employed In numerous 
applications . 

Data shoving the effectiveness of molybdenum disulfide and 
graidilte (graphitic carbon) as solid-film lubricants at hl£^ 
sliding velocities are presented In figure 9. Use of molybdenum 
disulfide produces a trend tovard progressively lover veilues of 
friction as sliding velocity Is Increased and under the conditions 
reported, reduces frlotlbn more than the use of graphite. Fig- 
ures 9(a) and 9(b) shov that, vlth solid films of either molybdenum 
disulfide or graphite on disk specimens, Amonton's lav does not 
hold over the entire range of loads Investigated. The coefficient 
of friction Increases sll^^tly vlth load In the presence of a solid 
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film of Boljbdeium disulfide (fig. 9(a)). For the lowest loads> 
frlotlon increased sllghtlj vlth load in the presence of a solid 
film of graphite (fig. 9(h)). The tendency for friction to 
Increase vlth hlgtor sliding yelooltles at yelocltles ahore 
approodiiately 2000 feet per minute indicates the partial fallUM of 
the graphite film. At the hl^^est load that a complete oorre can 
he plotted (1017 grams), with yelooltles ahove 3000 feet per mlnnte, 
the friction trend (dosnvard) corresponds to that of the base metal 
(reference 9), vhlch Indicates an almost complete failure of the 
lubricating film. For purposes of comparison, frlotlon data for 
dry- funA boundary-lubricated suzf aces tahen from reference 9 are 
also presented In figure 9(c). At hlg^ sliding yelooltles, molyb- 
denum disulfide is nearly as eff ectlye in reducing frlotlon as one 
of the best polar-type boundary lubricants, oleic acid. 

The condltlcm of the surfaces after sliding Is shown in fig- 
ure 10. The vear-area idiotoislorograph shown in figure 10(d) Indi- 
cates that, at the conditions of the vear experiments, the graphite 
film vas falling. This condition Is Illustrated by the degree and 
type of surface disturbance in the vear area. It is belleyed that 
a velding and teairlng-out action, such as may be obseryed between 
unlubricated steel surfaces (reference 9, fig. 9), occurred between 
the surfaces of the rider and the disk. Figure 11 shows the condi- 
tion of the steel disk oorered with molybdenum disulfide after the 
friction and wear eaperiments. The entire disk, which shows the 
areas idiere test runs were made to detexmlne both wear and friction 
Is presented In figure 11(a) . The vear run was made at the inner- 
most circumferential trace and the friction runs were made between 
this vear trace and the outexmost clrcimiferentlal trace. Fig- 
ure 11(b) and 11(c) are close-ups of the disk at successlyely 
higher magnifications to show the surface conditions more clearly, 
in figure 11 (b), the continuous ran Indicates that the rider, at 
Its hl^ Initial surface stress, has not penetrated the film to 
the steel throu^out the entire length of the track. The combina- 
tion of low yalue of friction and minor surface damage to the 
rider during this xom Indicates that this penetration has had no 
serious effect. The same contlnuoxis trace and the frlotlon traces 
are shown at higher magilfloatlon in figure 11(c). It will be 
obseryed that in none of the frlotlon traces did the film fall so 
as to allow the rider to penetrate to the steel base metal, which 
Is Important in ylew of the initially hl£^ Sertz suxface stresses 
(108,000 to 225,000 Ib/sg. In.) to idilch the film vas subjected. 

Because the graphite film failed to the extent of edlowlng 
welding of the surfaces to take place and the molybdenum-disulfide 
film did not fall to this extent, the vear measurements of figure 10 
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oannot be used as an Indication of the relative lubricating quali- 
ties of the tvo film materials In reducing vear at the loads used 
In these eo^erlments. Si^rlments at less severe coadltlons vould 
be necessary for such an evaluation and that vork Is not varranted 
because It Is established herein that molybdenum dlstilflde Is more 
satisfactory than graphite as a solid-film lubricant at hlg^ slid- 
ing velocities. It has clLso been shown in reference 16 that molyb- 
denum disulfide Is more satisfactory than graphite as a solid-film 
lubricant at hl^di pressures and low velocities. 

The failure of gra^dilte as a solid-film lubricant at hlg^ 
sliding velocities can be plausibly explained by considering the 
mechanism of Its lubricating action as presented by Van Brunt and 
Savage In reference 19 who reported that the lubricating action of 
graphite arises from the action of moisture adsorbed on the graph- 
ite particles. If an Eidsorbed film of water Is not present, the 
graihltlc carbon acts as abrasive particles. The heat developed 
during sliding at the Tal^ velocities Is probably sufficient to 
cause partial desorption of the adsorbed water film on the graph- 
ite, thus destroying Its lubricating qualities. 

Molybdenum disulfide Is stable at hl^ tes^eratures (melting 
point, 1185^ C) and pressures (reference 18). Each lamina of this 
compound Is composed of a sheet of molybdenum atoms with a sheet of 
sulfur atoms on each side. One of these laminae adheres stxx>ngly 
to the Iron surface because of a strong metal -sulfur bond. The 
other 1 nmlnne slip easily because of the weedmess of the sulfur- 
sulfur bond. 

The tenacity of molybdenxmi disulfide as a film material was 
demonstrated by the continuous run of the rider without reidlal 
traverse on the film using a 269-gram load with a sliding velocity 
of 4000 feet per minute over a period of 30 minutes. Stable but 
slightly Increasing friction values were observed. The sll^t 
film failure that occurred was not serious enou^^ to allow welding 
to take place between the sliding surfaces. In another experiment, 
a rider with a contacting area such as to give an apparent loading 
of 3000 pounds per square Inch was allowed to slide on a continu- 
ous track at a velocity of 4000 feet per minute for a period of 
over 2 hours; there was little change In friction and no sign of 
failure of either the steel or molybdenum-disulfide suifaces. The 
rider did not penetrate the molybdenum-disulfide film to the steel 
base at any location during this experiment. The possible use of 
molybdenum disulfide as an addition agent In fluid lubricants 
should be q.ueetloned In accordance with the line of reasoning that 
has prevented the complete acceptance of various forms of graphite 
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for such an application. MolTbdenum disulfide Is Insoluble In com- 
mon fluid lubricants; consequently. It Is probable that the com- 
pound would deposit In iindeslrable aocumolatlons throu^out a 
lubrication system. 


SDMMABI OF BESULTS 

An experlmenteil Inyestlgatlon was conducted with a Idnetlc- 
frlctlon apparatus consisting basically of an elastically restrained 
spherical rider sliding on disks lubricated with several types of 
dry solid film. Xhe ezperlmeints were conducted over a range of 
velocities from 50 to approximately 8000 feet per minute with loads 
from 169 to 1543 grama (108,000 to 225,000 Ib/sq In., Initial 
Hertz suzface stress) and with supplemental studies using standard 
physical, chemical, and metallurgical equlpnent and techniques. 

The following results were observed: 

1. A solid film of molybdenum disulfide M 0 S 2 was very effec- 
tive In reducing friction at high sliding velocities. The film 
material was easily applied, was very tenacious, was chemically 
and thermally stable, and consequently could have many practical 
appllcatlcQS . The molybdenum disulfide has a laminar structure 
slmllen: to graphite and because of Its tenaciousness was more 
satisfactory than graphite as a solld-f ILa lubricant at hl^ slid- 
ing velocities. 

2. The formation of ferroso-ferrlc oxide Fe_0 on sliding 

surfaces Is desirable with respect to firiction and wear. Pi^treat- 
ment of slider surfaces to form Fe^O^ may bo acco&q>llBhed by a 

number of inexpensive and ccmnnon commercial treatments. Ferric 
oxide a - FogOj, on the other hand, was not generally beneficial, 

with respect to friction and wear, over the entire range of eliding 
velocities. 

3. Solid films of ferrous chloride FeCl 2 vere more effective 

In reducing friction than were ferrous -sulfide FeS films. This 
result substemtlated the work of other Investigators idilch Indi- 
cates that chlorine compounds are more effective as extreme - 
pressure lubricant additives than sulfur compotmds. 

4. Abrupt change in the friction trend of ferrous -chloride 
films with Increased sliding velocities Indicated critical material 
transfoimatlons. This condition favors the theory for the mechanl sm 
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cxf aotlon otf extreme -pressure lubricants containing chlorine com- 
pounds, vhich indicates that temperatures at the contact points may 
become hi^ enou^ to melt the ferrous chloride so that overcoming 
friction force vill Involve the shearing of only a liquid film. 


Flight Propulsion Research Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio, December 4, 1947. 
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AFFENDU A - FHM FREPARAIION 

The production of inorganic fllas having ccamon physical char- 
acteristics vas an Important factor Influenolng the manner of 
preparation. Dhlfomilty in thlclmess, gr ain slze^ smoothness^ 
cleanliness, physical strength, and tenaclousness of the Tarious 
film vas sou^^t. The treatment of the indlTldual steel dlslcs vas 
develox>ed until the film that vas fozmed vas vinlf oim over the 
entire surface. 

The finishing and cleaning procedure summarized here is 
described In detail In reference 9. Each dish veu9 subjected to a 
similar milling, grinding, and lapping procedure, irtilch vas fol- 
lowed by a cleaning procedure essentially as follows: 

1. Degrease in lov-aromatlc cleaning naphtha 

2. Abrade with 3/0 emery paper 

3. Wash with mixture of 50-percent benzene and 50-peixent 

acetixie 

4. Scrub with levigated alumina 

5. Rinse in water 

6. Rinse in 190-iat>of ethyl alcohol 

7. Dry in clean, warm air 

The steel could then med.ntaln a continuous water film, idiloh on 
recession produced interference colors, indicating freedom from 
contaminating oils or greases. Insofar as possible, the dish was 
kept in an atmosphere of clean, dry air during transportation. 
After the treatment, the coated disk was lamedlately placed upon 
the friction apparatus, covered, and allowed to remain in a clean, 
dry atmosx^ere for 30 minutes. After this drying process, the 
friction characteristics were determined. 

The chemical composition and crystaJ-line characteristics of 
each film were detenulned by electron-diffraction patterns repro- 
duced as figure 2. These patterns were produced with the diffrac- 
tion adapter of the type EWB-4, RCA electron microscope. Ikirlng 
treatment of the disk, a small specimen of the same steel was 
placed on the inner edge of each disk and subjected to the same 
treatment as the disk. After the film was fomed, the dlffiaction 
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specimen vas placed In the holder^ inserted into the camera, and 
the pattern vas photographed. It vas assianed that the chemlccLL 
compoeition of the film on the small specimen, as detemined from 
the diffraction pattern, represented the chemical composition of 
the film on the disk. 


Foxmation of Fe304 Film 

Laboratory treatment. - A film of this compound vas formed by 
heating steel in a restricted oxygen supply. A small range of tem- 
peratures and air pressures vas alloved, and in this case the steel 
vas heated to 375^ C on a 2000-vatt heater, tdiich vas mounted 
inside a 15-lnch metal bell Jar in vhlch the air pressure vas 
1 millimeter of mercury. The yeu^uum fximace vas equipped vlth 
thermocouple leads for tenq>erature indication. After 30 minutes, 
the film has reached a thickness that produced a blue Interference 
color Indicating that the thickness vas In the order of 1200 A. 

The steel vas cooled to room temperature by cooling the vacuum 
furnace vhlle maintaining the same or lover air pressure. The 
disk vas transported In a clean, dry atmosphere. 

CnmmercleLL treatment. - Similar black, tenacious films vere 
formed on clean steel disks by a caustic -sulfur treatment (refer- 
ence 14) and by a caustic -potassium nitrate treatment (reference 15). 
In the caustic -sulfur treatment, the clean disk vas Immersed in a 
bath consisting of 50-percent sodium hydroxide NaOH, 49-percent 
vater H2O, and 1 percent sulfur S (powdered) for 20 minutes. 

The bath vas maintained betveen temperatures of 121*^ and 124*^ C and 
constant agitation vas employed. The coated disk vas then vashed 
in boiling tap vater and rinsed In boiling distilled vater. It 
vas then dried in diy, clean air. The caustic -potassium nitrate 
treatment is very similar, the composition of the bath being 1 part 
potass Im nitrate ^03 and 2 parts NaOH. The immersion is 
divided Into tvo steps: the first is immersion in a bath, the tem- 
perature of which is maintained at 141® C by dilution with vater, 
the second step Is to immerse the part Into the second bath, vhlch 
is held at 154” C. The length of time for each bath is not criti- 
cal and depends upon the thickness of the film desired. In these 
experiments, the time vas approximately 20 minutes for each bath. 

The disk vas vashed in boiling vater and dried in clean air. 

Analysis of electron-diffraction patterns from films f omed by 
both methods revealed the presence of Fe304. 
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Foxmatlon of a - FegOj Film 

This oxide film, vhich coatalns the greatest amount of oxygen 
of the films Inyestigated, vas prepared by heating a steel disk to 
350° C In clean, dry air at atmosidieric pressure. The plate was 
renioyed from the heat idien the Interference colors present Indi- 
cated that the film thickness vas about 1200 A. Further heating 
promoted spottiness and nommlfoxnlty. 


Foxmatlon of FeCl 2 Film 

A chloride film vas formed by exposing a vazmed, clean steel 
disk to the hot vapor composed of an azeotropic solution of hydro- 
chloric acid and vater. In order to fozm this film, the vazm disk 
vas placed In a hot gas chamber (100^ C), \&lch vas then partly 
evacuated. An Inlet to the chamber led to a container In idilch 
the azeotropic solution of hydrochloric acid and vater vas boiling. 
When the valve vas opened, a vapor composed of 20 percent vater and 
80 percent hydrochloric acid (the composition of the liquid) could 
envelop the disk. A 2 -minute exposure vas sufficient to form a 
thin, vhlte, uniform coating. It vas found necessary to Insert a 
baffle and a condensate trap in the chamber to prevent the con- 
densate fxxm collecting and dripping onto the plate. 


Foxmatlon of FeS Film 

A ferrous -sulfide film vas foxmed by exposing a heated disk 
to hydrogen sulfide E 2 S gas. First, the clean steel disk vas 

placed In the vacuum furnace at x^xm temperature and the air pres- 
sure vas reduced to 0.25 millimeter of mercuxy. Hydrogen sulfide 
vas then admitted and the pressure again reduced. This process 
vas repeated until the chamber vas virtually purged of air. The 
disk vas then heated to 350° C and an addltioneU. amount of £38 
vas admitted. Under those conditions the film foxmed rapidly and 
the furnace vas alloved to cool idille the lov pressure vas 
maintained. 


Formation of )foS 2 Film 

Finely divided molybdenum disulfide vas mixed Into a smooth 
paste vlth an organic binder (commercial com STrup). This homo- 
geneous material vas painted on a steel disk, the teiiq>erature of 
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lAilch vas 350® C. A thick, heavy coating was formed on the metal. 
After the disk cooled the outer, loosely adhering M 0 S 2 was 
scraped off with a straight edge. This action exposed a thin, 
tenacious undercoating, which upon further smoothing heceme gray- 
hlack a n<^ very smooth. The texture of the material was similar to 
that of flaky gra;^te. The disk was finished hy ll^t abrasion 
with 3/0 emery paper, followed by a washing in 190-proof etbyl 
cLLoohol. The coated disk was dried in the usual manner. 

In order to check the effect of the com syrup alone, seme of 
it was painted on a hot steel disk. The result was a bubbly, 
crumbly, charred, nonadherent mass that heid veiy little effect on 
friction compared to HoS 2 > 


Foxmatlon of Gra^dilte Film 

Grajdilte was dei>osited upon the surface of the steel disk by 
compressing flaky graphite into a cake, \dilch was pressed against 
the rotating disk. Mlci*oecoplc examination revealed graphite fill- 
ing most of the recesses in the surface profile and electron- 
41ffi»action examination revealed a highly oriented film (fig. 2(b)). 
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Figure I. - Schematic diagram of sliding-friction apparatus. 
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(b) Ferric oxide o-Fe203. 


Figure 2. - Electron-diffraction patterns and analysis data from solid 

films formed on 5AE 1020 steel. 
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Figure 2. - Continued. E I ect ron-d i f f rac t i on patterns and analysis data 
from solid films formed on SAE 1020 steel. 
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[d, Interplanar distance In Angstrom vinlts (A); l/l^, A.S.T.M, X-ray 
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(e) Ferrous chloride PeClg. (f) Ferrous sulfide PeS. 

Figure 2. - Continued. Electron-diffraction patterns and analysis date 
from solid films formed on SAE 1020 steel. 
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Id, Interplanar distance in 
Angstrom units (A) ; I/Iq» A.S.T.M. 
X-ray standard pattern intensity 
ratio; vs, very strong; s, strong; 
fs, fairly strong; fw, fairly weak; 
w, weak; vw, very weaki] 


The pattern from oriented 
graphite Is composed of true 
Bragg spots, which represent 
a series of orders of the 
(002) spacing along a line 
perpendicular to shadow edige 
of specimen. 


(g) Molybdenum disulfide MoS 2 . (h) Graphitic carbon C. 

Figure 2. - Concluded. El ect ron-d i f f ract i on patterns and analysis data 
from solid films formed on SAE 1020 steel. 


Film prepared 
as MoSg 

A.S.T.M. standard 
X-ray pattern 
for M 0 S 2 

d 

(A) 

Relative 

Intensity 

d 

(A) 






6.61 


0.80 

— 

— 

5.63 


.90 

2.78 

s 

2.74 


.70 

2.58 

fs 

2.66 


.30 

2.46 

fs 

2.49 


.50 

2.28 

vs 

2.27 


1.00 



— 

2.040 


.70 

1.854 

s 

1.820 


1.00 

1.639 

fs 

1.635 


.30 

1.570 

fs 

1.578 


.70 

1.520 

fs 

1.530 


.90 


-- 

1.475 


.20 

1.370 

fs 

1.365 


.20 

— 

-- 

1.335 


.70 

1.300 

s 

1.295 


.70 

1.252 

fw 

1.251 


.70 

1.206 

w 

1.222 


.20 


1.195 


.50 

1.090 

w 

1.100 


.70 

1.030 

w 

1.034 


.80 

— 

— 

1.021 


.50 

1.002 

fs 

1.002 


.70 

.993 

fw 

— 





.968 


.30 




Coefficient of kinetic friction, 



Figure 3. 


(a) Perroso-rerric oxide P ®304 filJW showing that friction 
is not Independent of load# 

Effect of sliding velocity on friction for surfaces with solid 


f i Ims of oxides. 
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Load, grams 

(b) Ferro so-f err Ic oxide Pe»04 film showing trends of friction with 
increasing loads (cross-plotted from flg» 3(a)). 

Figure 3. - Continued. Effect of sliding velocity on friction for surfaces with solid films 

of oxides. 
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(c) Ferric oxide 0-Pe203 film showing that friction Is essentially 

independent of load. 

Figure 3. - Continued. Effect of sliding velocity on friction for surfaces with solid 

of oxides. 
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(d) Perroso-ferric-oxide Pe304 and ferric-oxide a-Pe203 films with 

loads of 269 grams# 

Figure 3. - Concluded. Effect of sliding velocity on friction for surfaces with solid films 

of oxides^ 
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(a) Wear spot on spherical rider; 
kinetic friction 0.30; 

wear-spot diameter, 0.034 inch. 
(Mating surface shown in fig. 4(b).) 


(b) Wear track on disk specimen with 
ferroso-ferr ic-oxide FejO^ f I Im. 

(Mating surface shown in fig. 4(a).) 


Figure 4, - photomi c rog raphs of wear areas after operation for 6 seconds at 200 0 feet per 
minute with 269 grams load on SAE 1020 steel having oxide films. xIOO. 


KM 
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(c) Wear spot on spherical rider; 
kinetic friction 0.43; 

wear-spot diameter, 0 . 040 inch. 
(Mating surface shown In fig. 4(d).) 


(d) Wear track on disk specimen with 
ferric-oxide a-Fe^j film. 

(Mating surface shown In fig. 4(c).) 


Figure 4. - Concluded. Photomicrographs of wear areas after operation for 6 seconds at 2000 feet per 
minute with 269 grams load on SAE 1020 steel having oxide films. xIOO. 
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Figure 5, - Effect of sliding velocity on friction for surfaces with solid films of ferroso- 
ferric oxide ^^ 3^4 formed by commercial (caustic soda) treatments. Load, 269 grams. 
Friction essentially independent of load. 
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(a) Wear spot on spherical rider; 
kinetic friction 0.35; 

wear-spot diameter, 0.033 inch. 
(Mating surface shown in fig. 6(b).) 


(b) Wear track on disk specimen treated 
in caust i c-su I phu r solution to form 
film of f er roso-f erri c oxide Fe^O^. 

(Mating surface shown in fig. 6(a).) 


Figure 6. - Photom i c rog raphs of wear areas after operation for 6 seconds at 2000 feet per min- 
ute with 269 grams load on SAE 1020 steel disks having fi Ims that are predomi nate ly ferroso- 
ferric oxide Fe^O^ formed by commercial treatments. xIOO. ^ 
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(c) Wear spot on spherical rider; 
kinetic friction 0.41; 

wear-spot diameter, 0.030 inch. 
(Mating surface shown in fig. 6(d).) 


(d) Wear track on disk specimen treateo 
in caustic potassium nitrate solution 
to form fi Im of ferroso-ferric oxide 
Fe^O^. (Mating surface shown in- 
fig. 6(c).) 


Figure 6. - Concluded. Photomi c rog raphs of wear areas after operation for 6 seconds at 2000 feet per 
minute with 269 grams load on SAE 1020 steel disks having films that are predom i nate ly ferroso— f erri c 
oxide formed by commercial treatments. xIOO. ^ 

^ ^ VJ1 
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(a) Perrous-chlorlde PeCl2 film showing effect of various loads on friction. 

Figure 7. - Effect of sliding velocity on friction for surfaces with solid films of compounds of 

type produced by ext reme-pressu re lubricant additives. 
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(b) Ferrous-sulfide PeS film showing that coefficient 
of friction is essentially independent of load. 

- Continued. Effect of sliding velocity on friction for surfaces with solid films of com- 
pounds of type produced by extreme-pressure lubricant additives. 


R gu re 7 . 
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(c) Ferro US -chloride PeCl2 sind ferrous-sulfide PeS films with loads 

of 269 grams* 

Rgure 7. - Concluded. Effect of sliding velocity on friction for surfaces with solid films of com- 
pounds of type produced by ext reme-pressu re lubricant additives. 
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Figure 8. - Photomicrograph of wear spot on spherical rider after oper- 
ation for 6 seconds at 2000 feet per minute v/ith 269 grams load on 
SAE 1020 steel disk having solid film of ferrous sulfide FeS. Kinetic 
friction, 0.4-4; wear— spot diameter, 0.043 inch. xIOO. 
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(a) Molyljdenum-disulflde M 0 S 2 film shoving effect of various loads 
on friction. At high loads (519 and 1017 grams) essentially no 
effect of load on friction vas observed* 

Figure 9. - Effect of sliding velocity on friction for surfaces with solid films of molybdenum 

disulfide Mo $2 and oriented graphite C. 
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(b) Orlented-graphlte C film showing effect of various loads on friction# 

Rgure 9. - Continued. Effect of sliding velocity on friction for surfaces with solid films of 

molybdenum disulfide M 0 S 2 and oriented graphite C. 
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(c) Molybdenum-disulfide M 0 S 2 and oriented-graphite C films with loads 

of 269 grams# 

Figure 9. - Concluded. Effect of sliding velocity on friction for surfaces with solid films of 

molybdenum disulfide Mo $2 and oriented graphite C. 
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(a) Wear spot on spherical rider; 
kinetic friction fjL^^ 0. II; 

wear-spot diameter, 0.020 inch. 
(Mating surface shown in fig. 10(b).) 


(b) Wear track on disk specimen with 
molybdenum-disulfide Mo $2 film. 
(Mating surface shown in fig. IQ(a).) 


Rgure 10. - Photomi crog raphs of wear areas after operation for 6 seconds at 2000 feet per minute 

with 269 grams load on SAE 10 20 steel disks having dry lubricating films. xIOO. ^ 
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ici wear spox on spnencai riuer, 
kinetic friction 0.17; 

wear-spot diameter, 0.031 inch. 
(Mating surface shown in fig. 10(d).) 


(d) Wear track on disk specimen with 
graphite film. (Mating surface 
shown in fig. 10(0.) 


Figure 10. - Concluded. Photomicrographs of wear areas after operation for 6 seconds at 2000 feet 

per minute with 269 grams load on SAE 1020 steel disks having dry lubricating films. xIOO. ^ 
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( a) 


Entire disk showing areas of test runs to aetermine wear 
(Innermost circumferential trace) and friction (between 
innermost and outermost circumferential traces). 


Rgure II. - Photographs of steel disk covered with molybdenum-disulfide 
M 0 S 2 film after friction and wear experiments. 
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(b) 


Close-up of wear and friction runs showing 
that, for continuous friction run, the rider 
has penetrated to steel base in some locations. 
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Figure II. - Continued. photographs of steel disk covered with 

molybdenum-disulfide M 0 S 2 film after friction and wear experiments 





(c) Close-up of continuous and friction runs showing that, for friction runs, the 
rider has not penetrated film material at any location despite high initial 
surface stresses of 108,000 to 225,000 pounds per square Inch. x4. 3 


■igure II. - Concluded. Photographs of steel disk covered with molybdenum-disulfide Mo $2 film after 

friction and wear experiments. 
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